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With considering the great success of scanning tunnelling microscopy (STM) 
studies of graphene in the past few years, it is quite surprising to notice that there 
is still a fundamental contradiction about the reported tunnelling spectra of quasi-
free-standing graphene monolayer. Many groups observed “V-shape” spectra with 
linearly vanishing density-of-state (DOS) at the Dirac point, whereas, the others 
reported spectra with a gap of ±60 meV pinned to the Fermi level in the quasi-
free-standing graphene monolayer. Here we systematically studied the two 
contradicted tunnelling spectra of the quasi-free-standing graphene monolayer on 
several different substrates and provided a consistent interpretation about the 
result. The gap in the spectra arises from the out-of-plane phonons in graphene, 
which mix the Dirac electrons at the Brillouin zone corners with the nearly free-
electron states at the zone center. Our experiment indicated that interactions with 
substrates could effectively suppress effects of the out-of-plane phonons in 
graphene and enable us to detect only the DOS of the Dirac electrons in the spectra. 
We also show that it is possible to switch on and off the out-of-plane phonons of 
graphene at the nanoscale, i.e., the tunnelling spectra show switching between the 
two distinct features, through voltage pulses applied to the STM tip.   
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In the past few years, scanning tunnelling microscopy (STM) has been widely used 
to study the electronic properties of graphene1-32. Numerous exciting physical 
phenomena, such as strain-induced pseudo-Landau quantization9,10, emergence of 
topological edge states in AB-BA domain wall16, quasi-bound states in graphene 
quantum dots22-27, and unconventional magnetism28-32, have been observed in graphene 
systems via using STM. Even though the STM studies of graphene have achieved great 
success, there is still a fundamental contradiction about the observed tunnelling spectra 
of quasi-free-standing graphene monolayer. In most of the STM measurements, the 
reported spectra are “V-shape” and exhibit vanishing density-of-state (DOS) at the 
Dirac point1-4,14, as expected for Dirac electrons in pristine graphene monolayer. 
However, an unexpected gap of ±60 meV pinned to the Fermi level is also observed in 
the tunnelling spectra of quasi-free-standing graphene monolayer in many 
experiments5-9,15,24. The two results are, obviously, contradicted and a consistent 
understanding of the tunnelling spectra of the quasi-free-standing graphene monolayer 
is still lacking after more than ten years STM studies of graphene. In this work, we 
systematically studied the two distinct tunnelling spectra of the quasi-free-standing 
graphene monolayer on several different substrates and showed that they can be 
understood consistently. We also demonstrated that it is possible to switch the 
tunnelling spectra between the two distinct features of graphene at the nanoscale 
through voltage pulses applied to the STM tip. 
The gapped tunnelling spectra of graphene monolayer arise from band mixing 
between the linear dispersion quasiparticles (massless Dirac fermions) from Brillouin 
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zone corners and higher energy excitations (nearly free-electron states) at the zone 
center5,33. The K and K′ out-of-plane phonons of graphene play a key role in the band 
mixing, and decoupling of the graphene monolayer from the substrates (or quite weak 
interaction between graphene and the substrates) is crucial for the observation of the 
gapped tunnelling spectra5-9,15,24,33. In our experiment, we observed the gapped spectra 
at the nanoscale suspended graphene regions on different substrates, such as Rh foils, 
Pd foils, and single crystal SrTiO3 substrates (see Methods and supplemental Fig. 1 for 
the growth of the samples). Figure 1 shows a representative STM and scanning 
tunnelling spectroscopy (STS) study of a suspended graphene region on a Rh foil. In 
Fig. 1a, we show a STM image of the nanoscale suspended graphene region on the Rh 
foil. The spectra recorded in the suspended graphene region, as shown in Fig. 1b, 
exhibit a ~ 116 mV gap-like feature centred at the Fermi energy, which is similar as that 
observed in previous STM studies5-9,15,24. The value of the gap is almost independent of 
the sample bias and the tunneling current during the STS measurements, as shown in 
Fig. 1c (we can also deduce the gap from the corresponding d2I/dV2 spectra shown in 
supplemental Fig. 2). Such a gap-like feature is attributed to the phonon-mediated 
tunneling and the steps in the differential tunneling conductance reflect the excitation 
energy of the phonons, as demonstrated explicitly in previous studies5-9,15,24,33. The 
measured excitation energy of the phonons, ~ 58 meV, in our STS measurements agrees 
quite well with the energy of the K and K′ out-of-plane phonons of graphene, 56-58 
meV, obtained from inelastic electron tunneling spectroscopy (IETS) measurements 
and density functional theory (DFT) calculations8. Similar results have also been 
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observed in suspended graphene regions on Pd foils and SrTiO3 substrate in our 
experiments (see supplemental Fig. 3 and Fig. 4), indicating that the gapped tunnelling 
spectrum is really a universal feature of the quasi-free-standing graphene monolayer. 
Even though the gapped tunnelling spectrum is believed to mainly reflect the DOS 
of the nearly free-electron states, the Dirac electrons still have their contribution in the 
obtained differential tunneling conductance5,33. To explicitly confirm this, we measured 
evolution of the gapped spectra of the graphene monolayer with increasing magnetic 
fields for the first time. In the presence of perpendicular magnetic fields, it is expected 
to observe the Landau quantization of the Dirac fermions in graphene1-4,14. Figure 1d 
and 1e show a series of tunneling spectra for various magnetic fields recorded on the 
suspended graphene region on the Rh foil. Obviously, the Landau levels (LLs) 
developed as the magnetic fields are increased and four LL peaks n = 1, 0, -1, -2 are 
well resolved in the magnetic field of 8 T. For massless Dirac fermions in graphene 
monolayer, the observed LL energies En should depend on the square-root of both level 
index n and magnetic field B: 
 
2
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Here E0 is the energy of Dirac point, e is the electron charge,   is the Planck’s constant, 
vF is the Fermi velocity, and n > 0 corresponds to empty-state (holes) and n < 0 to filled-
state (electrons)1-4,14. The sequence of the observed Landau levels, as shown in Fig. 1f 
can be described quite well by Eq. (1). The linear fit of the experimental data to Eq. (1) 
allow us to obtain the Fermi velocities of electrons  = (1.33 ± 0.03) × 106 m/s and 
holes  = (1.00 ± 0.03) × 106 m/s separately. Similar large electron-hole asymmetry 
has been observed previously in strained graphene monolayer and is mainly attributed 
e
Fv
h
Fv
5 
 
to the enhanced next-nearest-neighbor hopping due to the lattice deformation and out-
of-plane curvature in the studied samples31,34,35.  
Based on the high-field spectra of the quasi-free-standing graphene monolayer (Fig. 
1d-1e), two important results can be obtained. First, the observation of the Landau 
quantization of massless Dirac fermions demonstrated explicitly that the low-energy 
DOS of the quasi-free-standing graphene monolayer is still dominated by the Dirac 
electron’s DOS even when the tunneling spectra (i.e., the tunneling DOS) exhibit the 
gap-like feature. Second, the signals of the LLs outside the gap are much stronger than 
that inside the gap, as shown in Fig. 1d and 1e, indicating that the tunneling DOS of the 
Dirac electrons outside the gap is also enhanced by the K and K′ out-of-plane phonons. 
At present, it was believed that only the tunneling DOS outside the gap mainly reflects 
the contribution from the nearly free-electron states5,33. Our experimental result, 
obviously, is beyond the current understanding about the gapped tunneling spectrum of 
the quasi-free-standing graphene monolayer. Further theoretical analysis by taking into 
account effects of the K and K′ out-of-plane phonons on the Dirac electrons is needed 
to fully understand the gapped tunneling spectrum.   
  Because of the K and K′ out-of-plane phonons, the STM spectra not only reflect the 
contribution of the Dirac fermions in graphene5,33. Such an effect, to some extents, 
hampers the studies of the Dirac fermions in graphene by using STM. To detect only 
the Dirac fermions in the tunneling spectrum, we have to suppress the effects of the K 
and K′ out-of-plane phonons of graphene. Our experiments demonstrated that 
interaction with substrates could efficiently suppress the effects of the out-of-plane 
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phonons and enable us to achieve this goal. Figure 2 shows a success example of such 
a STM study. The studied sample is graphene multilayer on Rh foil (see method) and 
there is usually rotational misalignment between the adjacent graphene layers, which 
results in moiré patterns in STM image (Fig. 2a). Because of the large rotation angle  
~ 16.3º, the topmost graphene sheet can electronically decouple from the underlying 
graphene systems1-4,14,31. Figure 2b shows tunneling spectra of the graphene sheet in 
the presence of different magnetic fields. In zero magnetic field, the spectrum exhibit 
the “V” shape characteristic for massless Dirac fermions in graphene monolayer rather 
than the gap-like feature. With increasing magnetic fields, we observed high-quality 
well-defined Landau levels of the massless Dirac fermions, as shown in Fig. 2b and 2c, 
indicating that the Dirac fermions dominate the STM spectra in such a case. Similar 
behavior has also been observed in decoupled graphene monolayer on graphite and 
graphene multilayer grown on other substrates, such as Ni foils, Pd foils, and SiC in 
our experiment (see supplemental Fig. 5-Fig. 8). Therefore, our results demonstrated 
that even the weak van der Waals interaction between the topmost graphene monolayer 
and the underlaying graphene (or graphite) could effectively suppress the effects of out-
of-plane phonons and allow us to detect only the Dirac fermions in the STM studies. 
  Besides the graphite or graphene multilayer, the interaction between graphene and 
other substrates, such as metallic surface, could also effectively suppress the effects of 
the out-of-plane phonons. Figure 3 summarizes STM measurements of a graphene 
monolayer on a Cu(111) surface. It is well-known that the bands of Dirac fermions is 
fully intact with linear dispersion preserved for the graphene monolayer on the Cu(111) 
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surface because of their weak interaction36. The moiré patterns with the period of 2.5 
nm, as shown in Fig. 3a, arise from stacking misorientation between the graphene sheet 
and the Cu(111) surface. Figure 3b shows representative STS spectra of the graphene 
monolayer on the Cu(111) surface. Obviously, the spectra do not exhibit the gap-like 
feature and only show DOS for the Dirac fermions. A local minimum of the tunneling 
conductance, marked by the dashed line in Fig. 3b, is attributed to the Dirac point ED 
of graphene, which is in good agreement with that reported previously for the Dirac 
point of graphene on the Cu(111) surface24,25. Even though we can detect only the Dirac 
fermions’ DOS for graphene monolayer on the Cu(111) surface, we cannot observe 
Landau quantization of the Dirac fermions even in the presence of perpendicular 
magnetic field of 8 T (Fig. 3b). Such a result is reasonable because that the electrons 
can tunnel between graphene and the Cu substrate, i.e., the graphene sheet is not 
electronically decoupled from the Cu(111) surface24,25. Therefore, due to the existence 
of the conducting substrate (the Cu surface in our experiment), the electrons in graphene 
on longer behave as an ideal two-dimensional free electron gas and consequently we 
cannot observe Landau quantization in the graphene even in the presence of large 
perpendicular magnetic fields.     
Based on the above experimental results, we can conclude that both the “V-shaped” 
spectra and the gapped spectra are “correct” tunneling spectra of the quasi-free-standing 
graphene monolayer. However, the “V-shaped” spectrum only exhibits the contribution 
of the low-energy Dirac fermions, whereas the gapped spectrum is contributed by both 
the high-energy nearly free-electron states and the low-energy Dirac fermions. The two 
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distinct spectra reflect the different tunneling DOS in the absence or presence of the K 
and K′ out-of-plane phonons of graphene. Our results shown in Figures 1-3 
demonstrated that we can observe the two distinct tunneling spectra of the quasi-free-
standing graphene monolayer because of the different interactions between graphene 
and the supporting substrate. It implies that the interaction between graphene and the 
substrate can be used as an effective “switch” to turn on/off the effects of the K and K′ 
out-of-plane phonons.  
To further explore the effects of the interaction between graphene and the substrate 
on the tunneling spectra, we further carried out following controlled experiments, as 
shown in Fig. 4, in the graphene monolayer grown on a Rh foil. Our experiment 
indicated that we can directly tune the two distinct spectra of the graphene monolayer, 
i.e., we can manipulate the interaction between graphene and the substrate, with the 
STM tip. Figure 4a presents a STM image of a suspended graphene region on a Rh foil, 
which exhibits the gapped tunneling spectrum (Fig. 4c). To change the tunneling 
spectrum, the STM tip was positioned about 1 nm above the suspended graphene area 
and a bias of 4 V was applied for 0.2 second. After applying this voltage pulse, a STM 
image was measured over the same region, as shown in Fig. 4b. Obviously, the 
morphology of the suspended graphene area changes a lot after the voltage pulse. More 
importantly, STS spectrum acquired on part of the graphene area, as shown in Fig. 4c, 
no longer show the characteristic features of the gapped tunneling spectrum, indicating 
that the effect of the K and K′ out-of-plane phonons is suppressed in part of the studied 
graphene area (the area between two dashed lines in Fig. 4b). Such a result is attributed 
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to the enhanced interaction between the substrate and part of the studied graphene area 
after applying the voltage pulse. Figure 4d shows a STS map recorded in the same 
region of Fig. 4b within the energy of the out-of-plane phonons (the gap of the spectra). 
The region with high contrast in the STS map is the area where the effect of the K and 
K′ out-of-plane phonons is effectively suppressed after the voltage pulse. Obviously, 
our experiment demonstrated that we can “turn off” the out-of-plane phonons of 
graphene at the nanoscale through voltage pulses applied to the STM tip. In Fig. 4e-4i, 
we show that it is also possible to “turn on” the out-of-plane phonons of graphene at 
the nanoscale through voltage pulses applied to the STM tip. In a nanoscale region, the 
“V-shape” spectrum of graphene monolayer can be reversibly changed to the gapped 
one, as shown in Fig. 4h. This result may arise from a competition between the tip-
graphene interaction37,38 and graphene-substrate interaction. During the process of 
applying the voltage pulses, such a competition, sometimes, could locally weaken the 
interaction between graphene and the substrate and, consequently, result in the 
emergence of the gapped tunneling spectra at the nanoscale region. 
In summary, we systematically studied the two different tunneling spectra of the 
quasi-free-standing graphene monolayer and provided a consistent interpretation about 
the result. We demonstrated that the tunnelling spectra can be switched between the “V-
shape” and the gapped features at the nanoscale, i.e., we can turn on and off the effect 
of the out-of-plane phonons of graphene, through voltage pulses applied to the STM tip. 
Moreover, our result indicated that graphite and graphene multilayer with a large 
stacking misorientation may be the best substrate to study the electronic properties of 
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Dirac fermions of graphene systems in the STM studies.           
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Figure Legends 
 
Fig. 1. STM and STS of a suspended graphene region on a Rh foil. a. A 
representative 30 nm × 30 nm STM image of a suspended graphene region on a Rh foil 
(Vsample = 500 mV and I = 0.4 nA). Scale bar: 5 nm. Inset: atomic-resolution STM image 
of this region showing hexagonal graphene lattices. b. The gapped tunneling spectra 
acquired in the suspended graphene monolayer region for different tip-sample heights 
(In the STM measurements, we use sample bias to tune the tip-sample height). The 
yellow dashed line marks the position of the Dirac point. c. Summarizing the gap values 
in the gapped tunneling spectra of the suspended graphene region for different 
experimental parameters. d. The tunneling spectra of the suspended graphene region 
recorded in different perpendicular magnetic fields. The Landau level peaks of n = 0, 1, 
-1 are labeled and the data are offset in the Y axis for clarity. The small gray arrow 
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marks the position of Dirac point in zero magnetic field. e. Enlarged tunneling 
conductance within the gap of the gapped tunneling spectra recorded under different 
magnetic fields. The Landau level n = -2 (marked by arrows) can be clearly seen inside 
the gap. f. The Landau level energies for different magnetic fields taken from panel d 
and panel e show a linear dependence against sgn(n)(|n|B)1/2. The yellow dashed lines 
are linear fits of the data with Eq. (1), yielding the Fermi velocities (1.33 ± 0.03) × 106 
m/s for electrons and (1.00 ± 0.03) × 106 m/s for holes respectively. 
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Fig. 2. STM and STS of a decoupled graphene monolayer on multilayer graphene 
grown on a Rh foil. a. A 20 nm × 20 nm STM image (Vsample = 400 mV and I = 0.4 nA) 
of the topmost graphene monolayer on multilayer graphene grown on Rh foil. Scale bar: 
5 nm. The period of the moiré pattern generated between the topmost graphene 
monolayer and the underlying second layer is about 0.87 nm and the rotational angle 
between them is estimated to be about 16.3°. Inset: the atomic-resolution STM image 
of topmost graphene monolayer showing hexagonal graphene lattices. b. STS spectra 
taken from the decoupled graphene monolayer under different magnetic fields. The 
curves are offset on the Y axis for clarity and the LL indices of the massless Dirac 
fermions are labeled. c. The LL peak energies of graphene monolayer taken from panel 
b show a linear dependence against sgn(n)(|n|B)1/2. The yellow dashed lines are the 
linear fits of LL peak energies with Eq. (1), yielding the Fermi velocities (1.23 ± 0.01) 
× 106 m/s for electrons and (1.02 ± 0.01) × 106 m/s for holes respectively. 
18 
 
 
Fig. 3. STM study of graphene monolayer on Cu(111) surface. a. A 13 nm × 15 nm 
STM image (Vsample = 610 mV and I = 0.23 nA) of graphene monolayer on Cu(111) 
surface. Scale bar: 3 nm. There is a 5.3° twist angle between the graphene monolayer 
and the Cu(111) surface, resulting in the emergence of the moiré pattern with the period 
of 2.5 nm. Inset: the atomic-resolution STM image of the graphene monolayer. b. The 
STS spectra of the graphene monolayer on Cu(111) surface recorded in zero magnetic 
field and in the external magnetic field of 8 T. The blue dashed line marks the position 
of the Dirac point. 
 
 
 
19 
 
 
Fig. 4. Turning on/off effects of the K and K′ out-of-plane phonons in graphene. a. 
A 7 nm × 7 nm STM image (Vsample = 400 mV and I = 0.4 nA) of a suspended graphene 
region on a Rh foil. Scale bar: 1 nm. b. The STM image of the same region as panel a 
after applying a 4 V tip pulse for 0.2 second. Scale bar: 1 nm. c. The gapped tunnelling 
spectrum is taken at the position marked by gray dot in panel a (before the tip pulse) 
and the other STS spectrum is recorded at the position marked by yellow dot in panel 
b after the tip pulse. d. dI/dV map obtained over the region shown in b at the bias voltage 
-9 mV. The yellow bright area between the two black dashed lines reflects the region 
that the effect of the K and K′ out-of-plane phonons is suppressed after the tip pulse. e, 
f. 9 nm × 9 nm STM images (Vsample = 400 mV and I = 0.4 nA) obtained at the same 
graphene region before a tip pulse (e) and after a -4V tip pulse for 0.2 second (f), 
respectively. Scale bar: 2 nm. g. The grey solid line is the STS spectrum acquired at the 
position marked by gray dot in panel e (before the tip pulse) and the gapped tunneling 
spectrum is taken at the position marked by yellow dot in panel f after the tip pulse. h. 
dI/dV map obtained over the region shown in b at the bias voltage -8 mV. The effect of 
the K and K′ out-of-plane phonons is turned on outside the yellow bright area between 
the two black dashed lines. 
